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ABSTRACT
Increasing Algal Productivity and Treatment Potential in Raceways Fed Clarified
Municipal Wastewater
Christopher David Pittner
Two sets of triplicate pilot algal raceway ponds (1000-L, 0.30-m deep, paddle wheel
mixed) were operated for 14 months at a California wastewater treatment plant to treat
wastewater and generate algal-bacterial biomass as biofuel feedstock. Two experiments
were run to determine the effect on biomass productivity of (1) hydraulic residence time
(HRT: 2, 3, 4, or 4.5 days) and (2) feeding schedule (18 small pulses during 8 AM-4 PM
[diurnal] versus 20 large pulses during 4 AM-12 AM [diel]). The target productivity was
at least 20 g volatile suspended solids per m2 of pond per day. Additional output
variables were followed during the experiments: treatment performance and the
effectiveness of biomass harvesting though bioflocculation.
Productivity was consistently higher in ponds with a 2-d HRT versus longer HRTs.
Average productivity for the 2-d HRT ponds and the variable-HRT ponds (3.6-d average
HRT) were 30.1 and 23.4 g/m2-d, respectively. Productivity data collected during the
feed regime experiment were highly variable, and average productivities were the same at
26 g/m2-d. During both experiments, both pond sets exceeded the target of 20 g/m2-d on
an annual basis.
During the hydraulic residence time experiment, the average pond productivity
throughout the HRT experiment for the 2-d HRT and 3-d HRT ponds were 30.1 and
23.4 g/m2-d, respectively. Settling efficiency was high for both 2- and 3-d HRT ponds
with average turbidity removal of 87-89%. However, total ammonia nitrogen (TAN)
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concentrations in the 2-day HRT pond effluent were 50-94% higher than in the 3-d HRT
pond effluents, although effluent TAN concentrations in both ponds were approximately
the same during mid-summer. Furthermore, effluent biochemical oxygen demand (BOD5)
concentrations were similar, with the supernatant of Imhoff cones settled for 24 hours
containing 24-27 mg/L BOD5 (81-92% removal). In general, the 3-d HRT ponds
provided better treatment than the 2-d HRT ponds.
During the feeding regime experiment, no productivity or BOD5 removal differences
were evident. However, the 3-d HRT ponds had consistently 8 mg/L more effluent TAN
than the 2-d HRT ponds.

Keywords: Algae, productivity, wastewater treatment, dilution rate, hydraulic residence
time, bioflocculation, settling efficiency, nitrogen removal
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Introduction

Climate change is real and it is happening now (USGCRP, 2014). This fact cannot be
denied, and alternative opinions are leading to a sluggish and disjointed response to this
global threat (McGrath, 2018). The real and present impact of climate change can be seen
across the world. These effects appear to be manifesting themselves presently in events
such as the massive California wildfires, which have burned approximately 1.6 million
acres in 2017 and 2018 (Cal Fire, 2018; Park 2018), and record-breaking temperatures
such as 24-hours of continuous 108.7ºF in Oman on June 27, 2017 (Samenow, 2018).
These effects will continue to expand in nature and scope without massive and
widespread interventions (IPCC 2018). Although a relatively tiny contributor to
greenhouse gas (GHG) emissions, wastewater treatment; with its connections to
electricity use, methane emissions, water and nutrient recycling, and biofuels production;
is an activity worth exploring for integrated potentials to decrease GHG footprint and
improve sustainability. This thesis describes research on the use of microalgae for lowinput wastewater treatment and production of biofuel feedstock in the form of algalbacterial biomass.
The experiments in this thesis were designed to meet requirements of the scope of work
for a US Department of Energy research contract. The major requirement was to
maximize productivity and reach a productivity of 20 g algae/m2-day, which can be
converted to approximately 2,500 gallons of biofuel intermediate/acre-year. To reach
this goal, various HRTs and feeding schedules were tested for productivity, treatment
performance, nutrient assimilation, and settling efficiency.
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Background

Much prior research has been conducted on the topics of algae-based wastewater
treatment (WWT), algae biofuel production, and the combination of the two. The
following sections summarize some key information regarding algal WWT basics,
productivity calculations, comparisons to conventional WWT, and summarizes
conclusions from literature to contextualize the results of this thesis.
2.1

Algal Wastewater Treatment Variables

Algae-based wastewater treatment uses the symbiotic relationship between heterotrophs,
autotrophs, and photoautotrophs living in the treatment units (Figure 2-1). In this system,
algae photosynthesize with sunlight to assimilate inorganic carbon, nitrogen, and
phosphorus into their biomass. As a by-product, oxygen is produced, which is then
respired by aerobic bacteria as they break down organic compounds in the wastewater.
The bacteria release carbon dioxide which furthers the potential for algal growth (Woertz,
2009). The main input variables controlled by the designers and operators of algae WWT
systems are hydraulic residence time and pH-stat carbon dioxide sparging, the latter
which maintains replete inorganic carbon concentrations to support autotrophic growth
(Godos, et al, 2014).
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Figure 2-1 Symbiosis of algae and bacteria in wastewater treatment (after Oswald,
1960).
2.2

Productivity

Algal biomass growth is measured in terms of biomass production per unit lighted area
and time. Productivity can consider as either gross, considering only the biomass leaving
the ponds, or net, where the difference between influent and effluent suspended solids are
considered. For the purposes of biofuel production, gross productivity is preferred under
the assumption that all effluent biomass (be it heterotrophic or autotrophic organisms or
remaining wastewater particulate organic matter) can be captured and converted into
biofuels.
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Net productivity is calculated with Equation 2-1.
Equation 2-1: Net productivity

Where the variables have the following units:

•

Net Productivity:

•
•
•
•

VSSPond, volatile suspended solids in the pond effluent: mg/L
VSSInf, VSS in the pond influent: mg/L
Water Depth of the pond: meters
HRT, pond hydraulic residence time: days

Gross productivity is calculated with Equation 2-2.
Equation 2-2: Gross productivity

2.3

Comparison to Conventional Wastewater Treatment

Conventional electro-mechanical WWT is a costly and energy intensive process. Anton et
al. (2017) state that, excluding capital costs, conventional WWT costs ~$0.046 per m3 of
wastewater while algal WWT can be potentially cost only ~$0.023 per m3. Anton further
reports that conventional WWT uses approximately 0.58 kWh per m3 of treated effluent
while algal WWT can potentially use only 0.14 kWh per m3. Thus, algae-based
wastewater treatment can be a less energy intensive method for wastewater treatment. If
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this energy advantage can be combined with biofuel production, the energy intensity of
algae WWT might be further reduced.
Algal biofuels have a lower GHG emissions intensity than conventional petroleum-based
fuels. GHG emissions for algal biodiesel of 28.50 g CO2e/MJ represents a 70% reduction
from the 94.7 g CO2e/MJ calculated for Ultra Low Sulfur Diesel (ULSD) by the
California EPA (Woertz et al., 2014). However, Davis et al. (2014) has shown that the
minimum diesel selling price (MDSP) of algal biofuels is high, ranging from $9.8 to
$12.4/gal and identified significant hurdles to achieve cost reductions to produce algal
biofuels at a target of $3/gal. These costs were based on a four-season average
productivity of 14.6 g/m2-d, and it was indicated that doubling productivity, which is a
major focus of the research presented in this thesis, could reduce MDSP to $6/gal (Davis
et al, 2014).
2.4

Literature Comparisons

Prior Cal Poly thesis research has also covered productivity, treatment performance, and
biomass settling efficiency and provided the baseline for the present thesis research. The
two most relevant theses (Roberts 2015 and Chang 2013) were conducted at the City of
San Luis Obispo WWT plant in 33-m2 raceway ponds.
Roberts (2015) studied the effect on productivity of recycling pond effluent for additional
algae growth. He evaluated two steady-state pond sets fed municipal WWT plant primary
clarifier effluent, with one triplicate pond set operating on a 2-day HRT and another pond
set operating on a 3-day HRT. A third steady-state pond set was fed recycled clarified
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pond water from the above-mentioned 3-day HRT pond set. Nitrogen data were not
presented.
For the purpose of the present thesis, the results of the 2-d and 3-d ponds are most
relevant because wastewater recycling is not discussed herein. Conclusions from Roberts
(2015) for the 2-day, 3-day, and 3-day with recycled water are summarized below:
•

Net productivity was 23, 15, and 13 g/m2-d, respectively.

•

Insolation to productivity correlations were R2 =0.35, 0.28, and 0.44, respectively.

•

2-hour settling efficiencies were 83%, 74%, and 82%, respectively.

•

24-hour settling efficiencies were 93%, 92%, and 91%, respectively.

Change (2013) evaluated the difference in net areal productivity between algae grown on
primary clarifier effluent and algae grown on recycled primary clarifier effluent in an
earlier year. Chang ran two sets of experiments on three pond sets, termed Alpha, Beta,
and Gamma. For the first experiment, run during summer, the pond sets operated on a 4-,
3-, and 2-day HRT, respectively, and were fed primary clarified wastewater. The Beta
and Alpha sets were run in series during the first experiment. For the second experiment,
run during winter, the configuration was changed so that the supernatant from all Beta
algae settling tanks flowed into the Alpha ponds. Thus, the results of the first experiment
are most relevant to the discussions of this thesis. Conclusions from Chang (2013) are
summarized below:
•

Net productivity for 2-day HRT ponds during summer and winter months were
29.1 and 14.4 g/m2-d, respectively.
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•

Net productivity for 3-day HRT ponds during summer and winter months were
17.8 and 10.0 g/m2-d, respectively.

The present thesis expands on this prior work by including extensive analysis of the
nitrogen removal capabilities of raceway ponds. In addition, new feeding regimes were
used and different influent wastewaters. The location of the ponds used in the present
thesis was in California’s interior San Joaquin Valley as opposed to the coastal location
of the San Luis Obispo based research.
2.5

Research Objectives

Given the limitations of the above reviewed research, the following research objectives
were set for the present project:
•

Determine the effect of raceway pond hydraulic residence time on biomass
productivity, treatment performance, and settling efficiency.

•

Determine the effect of feeding schedule on biomass productivity, treatment
performance, and settling efficiency.

•

Determine insolation correlations to biomass productivity by hydraulic residence
time.

Treatment performance in these experiments was defined as the removal of total BOD5
from the influent to 24-hour settled effluent samples, and nitrogen removal from effluent
samples.
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3

Methods

In this project, samples were collected from a full-scale algae-based WWT facility and
from pilot raceways at the same location, the Delhi Waste Water Treatment Plant
(DWWTP) owned by the Delhi County Water District. The operations, collection, and
laboratory testing methods are described in the following sections.
3.1

Delhi Wastewater Treatment Plant

The DWWTP occupies about 48 acres at 8668 Pinewood Street in Delhi, California. The
DWWTP serves 7,500 residents with 2,300 residential and commercial connections. The
plant is allowed a monthly average dry weather discharge flow of up to 1.2 MGD. (WDR
R5-2015).
The sanitary sewer system covers approximately 2.5 square miles and consists of 22.3
miles of gravity mains and 2.2 miles of force mains (WDR-R5-2015). Plant influent is
collected in a deep sump from where it is pumped to the highest point in the treatment
plant such that the rest of the plant operates on gravity flow. Influent flow runs through
an auger screen to remove coarse solids.
The flow is then split between two parallel 22-day hydraulic residence time (HRT)
facultative ponds called facultative pond north and facultative pond south (FAC-N and
FAC-S). These ponds act as primary clarifiers and sludge digesters, as typical with
primary facultative ponds. Algae populations tend to exist in the upper aerobic layers of
the pond where there is adequate sunlight to allow for photosynthesis. The algae produce
excess oxygen that helps bacteria to break down organic matter in the bulk liquid. To
ensure sufficient DO in the upper layers, each pond has two floating aspirating aerators.
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Figure 3-1 FAC-N with floating aspirating aerator/mixers visible.
After the facultative ponds, two concentric raceway ponds, raceway inner (RI) and
raceway outer (RO) run in series. Raceway depths vary between 0.6 m and 0.9 m, from
summer and winter to vary HRT between 4 and 7 days, to ensure adequate treatment.
These raceway ponds function to remove more biochemical oxygen demand (BOD) and
some soluble nutrients. Approximately a third of the raceway effluent is recycled back
into the facultative ponds to seed the algae population and deliver oxygen-rich water.
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Figure 3-2 Delhi raceway paddle wheels
Raceway effluent is mixed with an aluminum chlorohydrate based polymer coagulant to
assist biomass separation in either of two algae settling ponds (ASPs). Raceway effluent
flow alternates between the ASPs on an approximately bi-weekly schedule. The no-flow
ASP is decanted and algae removed before being restarted. The biomass is pumped to
one of three algae drying beds, two of which are sand lined and one of which is lined
with concrete. Drying bed run-off water is collected and re-injected into the
Raceway Inner. Effluent flow from the ASP is sent to the maturation pond (MP) which
provides additional treatment and additional pathogen die-off. MP effluent is piped to
11.5 acres of percolation basins for disposal.
The DWWTP process flow is summarized in Figure 4-3.
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Figure 3-3 Delhi Process Flow Diagram. Note RO recycle flow into FAC-N and FAC-S.
Note drying bed leachate is pumped into Raceway Inner.
Per the DWWTP’s WDR order plant effluent standards are as follows:
1.

The monthly average concentration of BOD in the discharge shall not exceed 40
mg/L, and the daily maximum concentration of BOD in the discharge shall not
exceed 80 mg/L.

2.

The arithmetic mean of BOD and TSS in effluent samples collected over a
monthly period shall not exceed 20 percent of the arithmetic mean of the values
for influent samples collected at approximately the same times during the same
period (80 percent removal).
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3.2

Pilot Ponds

Nine 1000-L experimental pilot ponds were located at the DWWTP in between the fullscale facultative ponds and the algae settling ponds next to the influent structure. The
nine ponds were arranged in three triplicate sets of north ponds (N1, N2, and N3), middle
ponds (M1, M2, and M3) and south ponds (S1, S2, and S3). The experiments conducted
in the M set of ponds are not considered in this thesis. The pilot ponds attempted to
minimize scale effects by minimizing self-shading using clear paddle wheels.

Figure 3-4 Aerial view of Delhi plant and location of pilot site. (Aerial imagery provided
by Google)
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Figure 3-5 Aerial view of pilot ponds. (Aerial imagery provided by Google)

Figure 3-6 North Set Pilot ponds
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3.2.1

Pilot Pond Process Flow

In the following sections details regarding pilot plant setup and operations are described.
The N and S ponds received effluent from a pilot primary clarifier consisting of a conebottom tank with a HRT of 2 hours.

Figure 3-7 Facultative-North head tank influent pump location.
The primary clarifier water level was static, maintained by an internal standpipe.
Clarifier effluent flowed allowing feeding to occur without the use of pumps. Instead a
set of actuated motors open and close valves allowing feed volume based on time and
flow rate. Ramped standpipes collected pond effluent which gravity fed to settle in cone
bottom tanks. Supernatant from the primary cone bottom is pumped to the supernatant
tank for additional settling and cone bottom subnatant is pumped to an algae thickening
tank. One primary settler operated for each pond triplicate, and thus a great deal of
overflow was also routed to the facultative north pond. Secondary settling occurred in the
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supernatant tank. The subnatant from secondary settling was sent to the algae thickener
and supernatant was sent off as plant effluent. The thickened algae slurry was deposited
on mosquito screen mesh suspended over chicken wire above a lined pool for drying.

Figure 3-8 Pilot pond process flow (Yakov Suvorov, 2015)
3.2.2

Pond Characteristics

The pilot ponds were constructed out of rotational-molded food-grade HDPE with UV
stabilizer with a stand that elevated the ponds by 0.3-m to allow for gravity drainage and
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easily installable plumbing. Pond dimensions are show in Figure 3-9, and each had a
3.5-m2 surface area and a 1000-L volume. The paddle wheels were made of transparent
Plexiglass to reduce to reduce self-shading which would skew productivity.

Figure 3-9 Plan and side view drawings of Algae Raceway® RW3.5. External dimensions
shown. Courtesy of MicroBio Engineering Inc.
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Standpipes were vertically oriented PVC pipes which acted to control pond volume.
Ripley (2013) showed that in bioflocculating ponds, large particles would be selected
against when short waves of water would pulse over the standpipe as seen in Figure 3-10.
This would result in solids accumulating in the ponds which would artificially increase
the measured solids concentration of the ponds in grab samples.

Figure 3-10 “Schematic of solids separation by a standpipe. The small dots represent
small flocs and colloidal algae, the larger circles represent large algae flocs, which were
concentrated in the pond by the weir action of the standpipes.” (Chang 2013).

17

Testing by Chang determined that ramped stand pipe effluent solids concentrations were
more representative of the bulk material. Theoretically, larger particles that settle over
time to deeper depths are caught by the ramp which then flushes over the standpipe as
seen in Figure 3-11. See Chang (2013) for additional information.

Figure 3-11 “Side view drawing of the ramped standpipe design. Flow lines were
theoretically how water and solids were removed with trough design. Black arrows
represent water and solids flow lines” (Chang 2013).
The ponds are operated in a semi-continuous mode where the ponds are fed a specific
volume of influent on an hourly schedule beginning at 8:00 AM and ending at 4:00 PM.
The volume of the pulse was checked weekly to ensure a correct HRT was being
maintained.
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3.2.3

Pond Operations

Pond operations and maintenance were conducted on a weekly basis and included:
cleaning of paddle wheels, cleaning of pond walls, pH probe cleaning and calibration,
dissolved oxygen (DO) probe cleaning and calibration, clarifier cleaning and flow
checks.
A Neptune Systems supervisory control and data acquisition (SCADA) unit was used to
monitor each of the ponds pH, temperature, and the dissolved oxygen of one of the ponds
in each triplicate. These metrics were collected on a ten-minute interval. Temperature and
pH were collected throughout the duration of the project and dissolved oxygen was
collected from October 2015 onward.
Flow rate testing was conducted on a weekly schedule to ensure accurate feed volumes.
Total pulse volume was measured using a two-bucket system. Just prior to a feed cycle a
pond feed tube was rotated to direct flow into a graduated five-gallon bucket. When the
first bucket was filled a second bucket was placed underneath the flow and the first
buckets volume was dispensed into the pond. This volume was then recorded, input into a
spreadsheet that calculated HRT, and flow volume was adjusted if the measured HRT
was more than ±5% of expected ensure an accurate HRT was being maintained.
Carbon dioxide (CO2) sparging was used to control pond pH and to ensure that carbon
did not limit productivity. A solenoid was programed to open if pH went above the
setpoint and to dose 0.2 points of pH below that setpoint to reduce the cycle time of
dosing. Dosing initiated when pH went above 8.1 and to dose until pH was below 7.9. pH
setpoint.
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CO2 dosing was turned off in the north ponds on 7/21/2015 to determine if significant pH
differences would occur during the feed rate experiment (described below). CO2 dosing
was re-initiated and set to begin at pH 7.9 and sparge down to pH 7.4 on 9/19/2015 as N
pond pH diverged significantly.
3.2.4

Variability Comparison between N and S

Comparisons between S and N ponds were used to determine which HRT resulted in
higher biomass productivity, good treatment performance, and high settling efficiency.
Thus, controlling variability between the two pond sets, excluding the difference in HRT,
was critical for data validity.
The following describes potential variability between pond sets due to the experimental
set-up. Variability in pond feed between the S and N ponds might have occurred because
of differences in the plumbing after the primary clarifier and because of differences in
HRT. Attached growth in the piping between the primary clarifier and the ponds in
anoxic or aerobic conditions might have resulted in degradation of suspended solids, and
conversion between the various nitrogen forms. The N ponds were approximately 3 m
further from the primary clarifier and each pond set increases in distance from the
primary clarifier in ascending order: N1, N2, and N3. Another confounding factor in this
analysis was the pulse feeding schedule of the ponds. Firstly, the time in-between pulses
allowed for additional contact time between the pipeline attached growth and the primary
clarified effluent. Secondly, due to this feeding schedule, no samples were taken at
exactly the same time at an N and S pond.
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3.3

Analytical Procedures

The following sections describe weekly pond sampling procedures and water quality
analysis testing conducted at the Delhi plant and after shipment to the Cal Poly labs.
3.3.1

Weekly Pond Sampling Procedure

The pilot ponds were sampled following a consistent method to ensure representative
samples were collected. Influent pulses occur every hour which cause the ponds to
overflow the ramped standpipe. A 1-L bottle with a slightly smaller outer diameter than
the standpipe inner diameter was lowered into the standpipe and allowed to fill with
effluent. The entire sample was poured into a 1.5-L sample bottle. This procedure was
repeated to fill the 1.5-L bottle. If the second collection was in excess of what was needed
the sample was vigorously mixed before pouring into the 1.5-L sample bottle to ensure
that the suspended solids concentration was representative. For each weekly sampling the
influent pulses of 8:00 am and 9:00 am were used because different times throughout the
day were likely to have different water quality characteristics. Influent grab samples of
primary effluent and facultative head tank were taken from under the spigot that feeds the
pond. The influent samples were taken 30 seconds after the beginning of the pulse to
collect a sample that was more representative of the bulk of influent entering the pond,
rather than a sample of the previous pulse of influent which remained in the piping.
As discussed in Section 4.1, influent samples were changed from grab samples to 24-hour
composites beginning on 3/2/2015. The composite sampler was programmed to sample
hourly from 8 AM to 4 PM the day prior to pond effluent sampling. The composite
sampler was filled with ice to reduce sample temperature.
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Full-scale pond samples were also collected following a similar methodology to pilot
plant samples but were collected by a sample cup on the end of a 1.5-m pole. Plant
influent samples were taken before the rotary screw bar screen. This sample was only
taken when the booster pumps that pump plant influent from the deep sump into the
headworks were running to ensure a well-mixed sample was collected. Facultative pond
samples were collected at their respective effluent weir gate prior to entering the inner
high rate (raceway) pond. High rate pond inner samples were collected as close to
submerged effluent piping that leads to high rate pond outer. High rate pond outer
samples were collected at the effluent weir structure that led into whichever algae settling
pond was being operated. Algae settling and maturation pond samples were collected
from their respective effluent weir structure.

Figure 3-12 ASP Sampling location prior to effluent weir

22

Figure 3-13 MP sampling location prior to effluent weir
The samples were then placed into a 100-quart cooler by approximately 11 am for pick
up by an overnight shipping company. The cooler was dropped off the next day at 8 am at
the Cal Poly water quality testing lab. Cooler temperatures were checked upon arrival to
ensure samples were adequately cooled below 4°C, if not additional ice was placed on the
samples and the quantity of ice would be increased the next week.
3.3.2

Delhi Plant Water Quality Tests

Due to timing constraints and the distance from the Delhi plant to the Cal Poly lab,
sample dissolved oxygen measurements, pH measurements, and Imhoff cone settling
efficiency tests were conducted at the Delhi plant. Handheld measurements of dissolved
oxygen and pH were not used in the analyses presented in this thesis but were compared
to the continuously collected SCADA data to analyze for potential errors.
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Imhoff cone testing was conducted at the Delhi plant to evaluate bioflocculation over a
two and 24-hour period. Initial samples were taken directly from the ponds during the
weekly sampling procedure and transferred to the shaded operators shed. There samples
were transferred to a 1-L Imhoff cone where initial turbidity samples were taken directly
after pouring the cone by dipping the cuvette into the liquid while ensuring any floating
debris was avoided. Settling efficiency was measured as the difference between initial
turbidity and two or twenty-four-hour turbidity.
3.3.3

Cal Poly Lab Water Quality Analyses

Figure 3-12 shows the general flow of the sample testing process. All samples were
tested weekly on the day after sampling except for samples that could be preserved for
later testing. Preserved test included chemical oxygen demand (COD), Total Kjeldahl
Nitrogen (TKN) by the Kjeldahl method. Soluble samples for COD, Nitrate, and Nitrite
were filtered through glass fiber 1.2-μm pore size filters and collected into 50mL glass
test tubes.
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Figure 3-14 Project Delhi Sample Flow Diagram (Diego 2016)
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All tests were conducted per the Standard Methods for the Examination of Water and
Water (1995) except for Total Nitrogen Determination by HACH TNT Method 10072 as
described in Appendix 7.1. Analytical methods are summarized below in Table 3-1.
Refer to Kraetsh (2015) for detailed information regarding testing methods.
Table 3-1 Analytic Methods Used (modified from Kraetsh, 2015)
Constituent

Analytical Method

Nutrients
Total Ammonia Nitrogen

Ammonia Selective Electrode (APHA Method 4500-NH3 D)
Automated Selective Electrode (Based on APHA Method
4500-NH3 D)

Nitrite

Colorimetric, Fisherbrand 0.45-µm Multiple Cellulose Ester
filtration (APHA Method 4500-NO2- B)

Nitrate

Nitrate Ion Selective Electrode with Interference Suppression
Solution (APHA Method 4500-NO3- D)

Total Kjeldahl Nitrogen

Macro-Kjeldahl and manual titration (APHA Method 4500Norg B)

Total Nitrogen

Persulfate Digestion Method (HACH Method 10072)

Organics
Total and Volatile Suspended
Solids

Gravimetric with 1.2-µm Fisherbrand G4 Glass Fiber filters
filtration (APHA Method 2540 D and E)

Total and Soluble Carbonaceous
Biochemical Oxygen Demand

5-day with 20°C incubation, 1.2-µm Fisherbrand G4 Glass
Fiber filtration (APHA Method 5210 B)

Other
Microscopy for Algae ID

Selected Taxonomic References, Optical Microscope (Method
10900 E. 2.)

Alkalinity

Sulfuric Acid Titration (APHA Method 2320 B)
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3.4

Summary of Experiments

3.4.1

Dilution Rate Experiment

Determining optimal dilution rate for biomass productivity, treatment performance, and
settling efficiency is important for increasing the economic viability of an algal biofuel
production plant. Whereas longer HRTs may increase treatment performance, shorter
HRTs increase algal productivity. If any HRT, carbon dioxide dosing or feeding strategy
found significantly increased productivity, treatment performance, or settling efficiency,
further work could be conducted to evaluate the cost benefits of this strategy.
The S ponds were the control set throughout the course of the project. The purpose of this
pond set was to create a baseline for comparison and to better understand seasonal
variations. The operational parameters on this pond included an HRT of 1.77 and 2 days,
carbon dioxide dosing, and primarily clarified effluent as feed.
The N ponds were the experimental set with many experiments with varying control
parameters and initial conditions being conducted. The control parameters on this pond
set included varying HRTs, period with and without carbon dioxide dosing and primarily
clarified effluent as feed.
Table 3-2 summarizes pond operations changes. For example, the S pond set ran at a 2day HRT from 10/27/2014 until 11/17/2014 when the HRT was changed to 1.7 days on
11/17/2014.
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Table 3-2 Summary of changes to pond controls

Start Date
10/27/2014
11/17/2014
11/24/2014
1/26/2015

HRT
(days)
S
N
2 4.5
1.8 4
1.8 4
2 4.5

Feed Pulses Per Day
S

N

8 – Hourly
8AM to 4PM

8 – Hourly
8AM to 4PM

Begin at 8.1
Down to 7.9
Begin at 8.1
Down to 7.9

2/2/2015

2

3

8 - Hourly
8AM to 4PM

8 - Hourly
8AM to 4PM

6/29/2015

2

-

8 - Hourly
8AM to 4PM

-

7/13/2015

2

2

9/19/2015

3.4.2

2

2

pH Set Point

18 - HalfHourly
8AM to 4PM

20 - Hourly
4AM to
12AM

S

Begin at 8.1
Down to 7.9

N

-

CO2
Begin at 8.1
Sparging
Down to 7.9
Off
Begin at
Begin at 8.1
8.1
Down to 7.9 Down to
7.7

Pond Feed Rate Experiment

The pond feed experiment began 7/13/2015. During this experiment, the effects of
feeding schedule were tested to determine the potential effects of feeding during daylight
hours with 18 small pulses (8AM-4PM) versus 20-hr feeding with 20 large pulses (4AM12AM). The 2-d HRT N ponds were fed on an hourly schedule excluding 4 hours from
midnight until 4am. However, feed pulsing density was considered to be a potential
variable. It is generally accepted that continuous feeding schedules function best for
large-scale wastewater treatments plants as continuous feeding reduces the likelihood of
large pulses negatively affecting the treatment system and reduces any potential shortcircuiting. To make the number of feed pulses the ponds receive more closely aligned,
the S ponds dosing schedule was reduced from a one-hour interval to a 30-minute
interval. Dose volume was halved to retain the 2-d HRT.
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4

Results and Discussion

This section presents raw data from the pilot experiments and tables of seasonal averages.
The data are presented as seasonal averages for the various operating periods because
pond performance is expected to be highly dependent on season and operating conditions.
For reference, the date periods of the seasonal averages are presented in Table 4-1.
Table 4-1 Date periods of the seasonal data averages used throughout this thesis.

4.1

Season

Date Range

Summer 2014

6/2/2014 to 8/25/2014

Fall 2014

9/2/2014 to 11/24/2014

Winter 2014

12/1/2014 to 2/23/2015

Spring 2015

3/2/2015 to 5/28/2015

Summer 2015

6/4/2015 to 8/25/2015

Fall 2015

9/1/2015 to 11/24/2015

Winter 2015

12/1/2015 to 1/12/2016

Pilot Plant Influent Composite and Grab Comparison

Ensuring influent data were as accurate as possible was vital for producing quality results
and conclusions particularly for reactors with short HRT. Grab samples do not sample the
bulk material effectively and only represent a single point in time, whereas composite
samples over a 9-hour period should theoretically more accurately describe pond influent
over time.
From the pilot projects beginning in 11/3/14 until 3/2/15 primarily clarified effluent
samples were taken as grab samples from the top of the primary clarifier during the
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weekly sampling procedure. On the week of 3/2/15 a composite sampler began taking
samples. Influent wastewater composition for grab and composite samples are compared
in Figure 4-1 for a three-month period. Grab samples averaged a VSS of 91-mg/L and a
TAN of 48-mg/L, while composite samples averaged a VSS of 105-mg/L and a TAN of
46-mg/L. This discrepancy led to the decision that grab samples should no longer be
taken. From the beginning of the project until 6/18/15 grab samples averaged a VSS of
84-mg/L and a TAN of 45-mg/L and from 3/2/15 until 1/19/16 composite samples
averaged a VSS of 88-mg/L and a TAN of 45-mg/L.

Figure 4-1 Grab and Composite Sample Comparison1

1

Note that samples are collected on a weekly basis throughout the results presented. Only months are
shown on the x-axis for visual clarity.

30

4.2

Pilot Scale Experimental Results

4.2.1

Pilot Scale Productivity Results

All productivity data presented in the following sections represent gross areal
productivity (g VSS/m2-d) based on effluent pond VSS concentrations. Gross
productivity is preferentially being reported on the assumption that all effluent VSS be it
heterotrophic organisms, autotrophic organisms or remaining particulate organic matter
can be captured and converted to biofuels.
As seen in Figure 4-2, Figure 4-3, and Table 4-2, S pond productivity was consistently
higher than the N ponds except for the period of Fall to Winter 2015 where productivities
very closely match. In terms of productivity, the S ponds outperformed the N ponds by
28%.
During the transition between experiments the S pond was seen to have extreme swings
in productivity jumping from 12 to 66 g/m2-d in one week. S pond productivity averaged
25.8 g/m2-d and N pond productivity average 26.3 g/m2-d for the duration of the feed
regime experiment.
Highly variable pond productivities were also indicated in visual inspection of weekly
beaker photos as seen in Figure 4-4 which shows a transition from highly dense
flocculated algae to slightly flocculated algae with a fairly clear matrix to brown colloidal
algae with a very opaque matrix. Thus, the variability in S pond productivity cannot be
explained away by analytical measurement error as the sample total suspended solids
measurements visually agree with beaker photos taken of raw pond samples. Possible
explanations include: (1) the drastic variation in maximum high and low temperatures
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experienced by the ponds were as much as 10⁰C, and (2) the change in feeding regime
lead to a pond crash a subsequent buildup of nutrient s which resulted in an unusually
rapid rebound.

CO2 On

CO2 Off

CO2 On

Figure 4-2 N and S pond productivity comparison. S pond HRT set at 1.7-d before
1/26/2014 and 2-d after. N pond HRT changes indicated by vertical black line with HRT
set points labeled above.
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-‘16

Figure 4-3 N and S productivity comparison2

Figure 4-4 Weekly Beaker Photos for 8/3/2015 to 8/16/2015 for the triplicate S Pond set.

2

Error bars represent the standard deviation of the sample set of ponds where n=3 and are

shown as +/- 1 standard deviations of the mean.
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Table 4-2 Average productivities by season for S and N ponds

Duration
11/10/14 to
11/24/14
12/1/14 to
2/23/15
3/2/15 to
6/18/15
7/27/15 to
8/25/15
9/1/15 to
11/24/15
1/12/16 to
2/23/16

Season

South
(g/m2-d)

North
(g/m2-d)

S HRT
(days)

N HRT
(days)

Percent
Higher S
Productivity

Fall '14

17.7

10.2

2.0

4.5

40.0

Winter '14-15

26.2

13.4

1.8

4.0

48.7

Spring '15

38.8

28.6

2.0

3.0

26.3

Summer '15

47.0

35.4

2.0

2.0

24.6

Fall '15

27.0

29.3

2.0

Winter '16

24.3

23.4

2.0

2.0
(20x Feed)
2.0
(20x Feed)

-7.3
3.9

Figure 4-5 presents productivity compared to CIMIS insolation from nearby Denair II
station. The Denair II station was approximately 9 miles north of the Delhi WWTP and
should accurately represent the conditions experienced at the ponds throughout the
experiment. Insolation data which were measured on hourly intervals were averaged for
the three days prior to sampling. The average of three days prior to sampling is shown as
it is the median HRT studied. The graph of productivity compared to insolation support
the expected trend of increased productivity during periods of higher insolation, however,
productivity frequently deviates from insolation showing that other factors have a larger
influence on algal growth.
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CO2 On CO2 Off CO2 On

Figure 4-5 Insolation taken as the average insolation of the previous three days
compared to biomass productivity.

Table 4-3 presents correlations between productivity and insolation taken on periods
ranging between the one and seven days prior to the sampling event. The strongest
correlation for the S pond occurs when insolation was averaged for two days prior to
sampling. The S pond data represents the largest sample size with n=49.The strongest
correlation for the all of the experimental N pond data with n=47 occurs broadly between
five to seven days prior to sampling and peaks at R2 = 0.438 when averaging insolation
for the six days prior to the sampling event. When analyzing subset data for N with HRT
equal to 2-d, 3-d, and 4/4.5-d and n=18, 15, and 14, respectively, the correlations do not
show any discernible trend.
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Table 4-3 Comparison of S and N Pond R2 correlation values between insolation taken as
an average of n-days before sampling and pond HRT for November 2014 to January
2016.

Insolation
Average Period

S Pond R2
2-d HRT

N Pond R2
2-d HRT

N Pond R2
3-d HRT

One Day Prior

0.358

0.0174

0.360

N Pond R2
4 & 4.5-d
HRT
0.17

Two Days Prior
Three Days
Prior
Four Days Prior

0.385

0.0281

0.255

0.17

0.389

0.359

0.0341

0.185

0.18

0.396

0.374

0.0464

0.162

0.20

0.412

Five Days Prior
Six Days Prior
Seven Days
Prior

0.369
0.367

0.071
0.1014

0.133
0.101

0.24
0.29

0.426
0.438

0.360

0.1111

0.0756

0.32

0.431

N Pond R2
All Data
0.336

Correlations between productivity and insolation are explored in Figure 4-6 through
Figure 4-9. Figure 4-6 presents the correlation between S Pond 2-d HRT and average
insolation taken over 2-d prior to sampling. This comparison correlates with R2 =0.38.
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Figure 4-6 S Pond 2-d HRT, Correlation between biomass productivity for S ponds and
insolation, with insolation taken as the average of the two days prior to sampling.
Insolation correlations are presented for the various N-pond HRTs in Figure 4-7 through
Figure 4-9. The correlation between insolation and productivity were generally poor for
each of these subsets of data, with R2 values of less than 0.2. While the subsets of N Pond
data at various HRTs do not present strong correlations between insolation and
productivity, correlations made on the entire dataset showed strong correlations ranging
from R2 = 0.336 to 0.438. This indicates that the subsets of data are generally too small to
analyze independently, and other experimental factors impacted growth more
significantly.

Figure 4-7 N Pond 3-day HRT, Correlation between biomass productivity and insolation
taken as the average insolation 3-days prior to sampling. Subset of data from
November 2014 to February 2015.
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Figure 4-8 N Pond 4-day and 4.5-day HRT, Correlation between biomass productivity
and insolation taken as the average insolation 4-days prior to sampling. Subset of data
from February 2015 to July 2015.

Figure 4-9 N Pond 2-day HRT, Correlation between biomass productivity and insolation
taken as the average insolation 2-days prior to sampling. Subset of data from July 2015
to December 2015.
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4.2.2

Pilot Scale Settling Results

Figure 4-10 presents raw turbidity data from January 2015 to January 2016. Figure 4-10
and Figure 4-11 present percent turbidity removed after 2-hours and 24-hours of settling,
respectively. During the transition between the HRT and feed regime experiment there
was a significant increase in turbidity. N pond 2-hour and 24-hour turbidity rise to a
maximum of 190 NTU and 120 NTU, respectively. S pond 2-hour and 24-hour turbidity
rise less significantly to 86 NTU and 64 NTU, respectively.

CO2 On

CO2 Off

Figure 4-10 Turbidity after 0-hrs, 2-hrs, and 24-hrs of settling
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CO2 On

CO2 On

CO2 Off

CO2 On

Figure 4-11 Percent Turbidity Removal after 2-hr Settling

CO2 On

CO2 Off CO2 On

Figure 4-12 Percent Turbidity Removal after 24-hr Settling
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4.2.3

Pilot Scale Biological Oxygen Demand

To test for wastewater treatment efficiency which was comparable to plant effluent
standards, pond effluent was settled by gravity for 24 hours in Imhoff cones. The
supernatant from the 24-hour settling test and pond influent, were tested for their
biochemical oxygen demand. BOD results are summarized in Figure 4-14, Figure 4-13,
and Table 4-4.
During the HRT experiment the S ponds (2-d HRT) had an effluent supernatant
concentration of 27.4 mg/L with a removal of 81.2%. The N ponds (3-d HRT) effluent
supernatant averaged 23.5 mg/L with a proxy removal, calculated using S pond influent
concentrations because a separate influent autosampler was not yet installed, of 92.2%.
During the feed regime experiment the S ponds (18 small feed pulses 8AM-4PM) had an
effluent supernatant concentration of 30.40 mg/L with a removal of 82.0%. The N ponds
(20 large fed pulses 4AM-12AM) effluent supernatant averaged 30.4 mg/L with a
removal of 81.7%.
Table 4-4 indicates that when effluent BOD is averaged over a month period, only onemonth period exceeded the effluent BOD requirement. This month of August 2015
occurred just after the transition to the feed regime experiment which was markedly
rough on the pond system.
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CO2 On

CO2 Off

CO2 On

Figure 4-13 S and N Pond Influent and 24-hr Settled Effluent BOD Comparison
CO2 On

CO2 Off

CO2 On

Figure 4-14 S Pond and N Pond 24-hr Settled Effluent BOD Removal
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Table 4-4 Effluent BOD by Month

4.2.4

Month

S Average

N Average

Apr-15

13

23

May-15

38

30

Jun-15

21

9

Jul-15

32

29

Aug-15

42

76

Sep-15

40

26

Oct-15

27

13

Nov-15

27

13

Dec-15

26

33

Jan-16

29
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Pilot Scale Nitrogen Results

As seen in Figure 4-15, during the 2014 and 2015 winter, the S ponds have poor TAN
removal, with effluent concentrations essentially equivalent to influent concentrations.
N pond TAN trended downward during November 2014 through February 2015 but
spiked up when HRT was changed to 3-d. Evenutally N pond TAN leveled out below
5 mg/L. When switching to day and night feed regime in August, the N ponds were
consistently higher in total ammonia nitrogen compared to the S ponds.
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CO2 On

CO2 Off

CO2 On

Figure 4-15 S and N Pond Total Ammonium Nitrogen.
Table 4-5 S and N TAN (mg/L) comparison by season

Duration

Season

11/10/14 to 11/24/14
12/1/14 to 2/2/15
2/9/15 to 2/23/15
3/2/15 to 6/18/15
7/27/15 to 8/25/15
9/1/15 to 11/24/15
1/12/16 to 2/23/16

Fall '14
Winter '14-15
Winter '15
Spring '15
Summer '15
Fall '15
Winter '15

South North
S HRT
TAN TAN
33.3
40.8
33.6
13.7
6.5
11.3
35.6

16.6
17.4
2.0
4.4
14.4
19.6
36.7

2
1.8
2
2
2
2
2

N
HRT
5
4
4
3
2
2
2

Percent
Higher TAN
in S
50%
57%
94%
68%
-120%
-73%
-3%

As seen in Figure 4-16 and Figure 4-17, a large spike of nitrate and nitrite occurred
during 4.5-d HRT. The max concentration may be inaccurate due to dilution errors during
testing that week, but the spike is supported by the high concentrations in the previous
and following week. The spike on concentration was also supported by the buildup of
nitrite in the previous weeks. Nitrate concentrations in both pond sets were low during
winter months when DO was low and both pond sets produced high amounts of oxidized
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nitrogen compounds during the summer months. During the 20x feed experiment, the N
ponds produced little to no oxidized nitrogen compounds due to low DO.
CO2 On

CO2 Off

CO2 On

Figure 4-16 S and N pond nitrate comparison
CO2 On

Figure 4-17 S and N nitrite comparison
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CO2 Off

CO2 On

Average concentrations by season are presented in Figure 4-18. During the winter of
2014, there was only 13 mg/L of nitrogen absorbed into biomass and while the S ponds
produced little oxidized nitrogen, the N ponds produced 17 mg/L of nitrate. Similarly, in
Spring of 2015, the N ponds produced more nitrate than the S ponds. During the summer
of 2015, the N ponds went from producing similar levels of oxidized nitrogen compounds
as the N ponds, to producing none at all during 20x feed experiment. This continues into
the Fall of 2015 where the N ponds produce little oxidized nitrogen, though levels of
treatment were similar. In the Winter of 2015 there was little treatment or growth in
either pond set.

Figure 4-18 Nitrogen Mass Balance. Organic nitrogen assumed to be 8% of VSS. Error
bars represent the standard deviation of the pond average where n=3 for the triplicate
pond set.
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4.2.5

Pilot Scale Operating Conditions Data

Continuously monitored data are presented for pH in Figure 4-19 and Figure 4-20. pH
data were seen to vary significantly between pond sets. The transition from 3-d HRT to 2d HRT with 20x feed was seen to have significantly increased pH in the N ponds due to
removal of pH control. High maximum pH values during the CO2 off period correlate
with high TAN volatilization.

CO2 On

CO2 Off

CO2 On

Figure 4-19 S and N Average pH Comparison. Note: Top row of axis labels are week of
the month, middle row is month of the year, and bottom row is year.
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CO2 On

CO2 Off

CO2 On

Figure 4-20 S and N Max pH Comparison. Note: Top row of axis labels are week of the
month, middle row is month of the year, and bottom row is year.
Continuously monitored data for pond temperature is presented in Figure 4-21. Pond
temperature seen to match very closely between the two pond sets, which supports that
this was not a significant variable between the ponds throughout the duration of the
experiment
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CO2 On

CO2 Off

CO2 On

Figure 4-21 S and N Average Temperature Comparison. Note: Top row of axis labels are
week of the month, middle row is month of the year, and bottom row is year.
Continuously monitored DO data are presented in Figure 4-22, Figure 4-23, and Figure
4-24. Figure 4-22 presents DO taken as the weekly average for the duration of the
experiment. It can be seen that on average throughout the duration of the 2-d 20x feed
experiment the N ponds have lower dissolved oxygen than the S ponds. However, this is
further explained in Figure 4-23 and Figure 4-24 which present the trend of average DO
for hourly increments for the months of August and November, respectively. In these
figures, the DO oxygen trends show how during the summer months with high insolation,
the N ponds, which were able to accumulate nutrient during nighttime feeding hours,
explode in growth during the daytime periods. This trend of extremely high peak
dissolved oxygen diminishes as insolation decreases over the following months, where
insolation becomes the limiting factor.
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CO2 Off

CO2 On

Figure 4-22 S and N Average Dissolved Oxygen Comparison taken as the weekly
average. Note: Top row of axis labels are week of the month, middle row is month of the
year, and bottom row is year.

Figure 4-23 S and N Average Dissolved Oxygen Comparison - taken as the average
dissolved oxygen for the hour period for the month of August.
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Figure 4-24 S and N Average Dissolved Oxygen Comparison - taken as the average
dissolved oxygen for the hour period for the month of November.
Based on our understanding of daily dissolved oxygen trends during this period, Figure
4-25 presents a comparison between weekly dissolved oxygen and nitrate. Comparing
these trends indicates that the extremely low dissolved oxygen night periods, inhibits the
production of nitrate, compared to the S ponds. It appears that from these trends, that
nitrifying bacteria cannot gain a foothold in the N ponds, as they might be consistently
starved out during the night time periods.
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CO2 Off

CO2 On

Figure 4-25 S and N Average Dissolved Oxygen and Nitrate Comparison Note: Top row
of axis labels are week of the month, middle row is month of the year, and bottom row is
year.
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5

Conclusions

This section summarizes relevant findings for each objective of this study, including the
hydraulic retention time experiment comparing the 2-d HRT S ponds to the N ponds,
which were tested on 3, 4, and 4.5-day HRTs, and the feeding schedule experiment
comparing the 2-d HRT S ponds fed during daylight hours to the 2-d HRT N ponds
which were fed between 4 AM and 12 AM.
This section also presents limitations to this study and presents potential further research
potential. The statements below are supported by the Background and Results chapters.
5.1

Hydraulic Retention Time

Hydraulic retention time is one of the most influential operational variables for raceways.
The following sections summarize the conclusions for the first objective of the project:
•

Determine the effect of raceway pond hydraulic residence time on biomass
productivity, treatment performance, and settling efficiency.

5.1.1

Biomass Productivity

Optimizing HRT to maximize biomass productivity is key for the affordability and
sustainability of algal biofuels. On a gross productivity basis, the 2-day HRT S ponds
out-produced the HRT N ponds with their longer HRTs in all cases. The N ponds average
HRT was 3.6 days. The average pond productivities throughout the HRT experiment for
the S and N ponds were 30.1 and 23.4 g/m2-d, respectively. Thus, both pond sets met the
target of 20 g/m2-d on an annual basis. The higher productivity of the S ponds was likely
due to heterotrophic or mixotrophic growth on the higher BOD loading to the S ponds.
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5.1.2

Treatment Performance – Biological Oxygen Demand

Wastewater treatment plants of course need to meet discharge limits, and during the HRT
experiment, both pond sets met the local effluent requirement of 40 mg/L total BOD5.
The S ponds (2-d HRT) 24-hour Imhoff cone supernatant had a mean effluent
concentration of 27.4 mg/L with a removal of 81%. The N ponds (3-d HRT) 24-hour
Imhoff cone supernatant had a mean effluent supernatant estimated to be 24 mg/L with a
removal of 92%.
5.1.3

Treatment Performance - Nitrogen Transformation

Longer HRTs are known to lead to lower effluent constituent concentrations, and this
relationship was strong in the nitrogen data from this present study. However, longer
HRTs require more land area and/or deeper ponds, both of which increase capital and
mixing power costs.
Throughout the HRT experiment, 2-day HRT S pond effluent TAN was on average 5094% higher than in the longer HRT N ponds. However, effluent TAN concentrations in
both ponds were approximately the same during mid-summer of 2015. Optimized HRT
would have a year-long sinusoidal pattern that targets a steady effluent TAN discharge
limit. The HRT would oscillate between a minimum during maximum summer
productivity and a maximum required in winter to meet effluent TAN concentration
limits.
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5.1.4

Settling Efficiency

Throughout the HRT experiment, settling efficiency was high for both ponds. S average
turbidity removal was 87%, and N average turbidity removal was 89%, a minor
difference.
5.1.5

Insolation

Biomass productivity loosely tracked insolation with high productivity periods occurring
during high insolation periods for the S ponds only. The data averaging period was
tested. The insolation-productivity correlation was strongest when insolation data from
the two days (equal to the HRT) prior to sampling were averaged, with R2=0.385,
compared to R2 ranging between 0.358 and 0.374 for other averaging periods. When
outliers were removed from the S pond productivity data set, the correlation between
biomass productivity and insolation increased to R2= 0.61.
Frequent outliers in biomass productivity lead to weak correlations for the variable HRT
N pond with R2 ranging from 0.028 to 0.204.
5.2

Feeding Schedule

Little information is published on feeding schedule effects on productivity. The following
sections summarize the conclusions for the second objective of the project, which
contrasts the S ponds, with daytime feeding in 18 small pulses (8 AM-4 PM) to the N
ponds, with 20-hr per day feeding in 20 large pulses (4 AM-12 AM):
•

Determine the effect of feeding schedule on biomass productivity, treatment
performance, and settling efficiency.
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5.2.1

Biomass Productivity

Productivity data collected during the feeding regime experiment was highly variable.
Productivity differences between the short 8-hr a day feeding schedule S ponds and the
20-hr a day feeding N ponds were not detectible, with monthly average productivity
differing by 2-g/m2-day. S pond productivity averaged 25.8 g/m2-d, and N pond
productivity average 26.3 g/m2-d for the duration of the feed regime experiment.
The sudden transition from the HRT experiments to the feed schedule experiment lead to
extreme swings in pond productivity and pond effluent characteristics. These large
swings support the notion that changes in pond operation should be gradual to perhaps
lessen the risk of pond culture crashes.
5.2.2

Treatment Performance – Biological Oxygen Demand

Meeting effluent BOD limits is critical for enabling algal wastewater treatment to become
a mainstream technology. During the feed regime experiment, both pond sets met the
effluent requirement of 40 mg/L total BOD5.
During the feed regime experiment, the S ponds (18 small feed pulses 8 AM-4 PM) had
an effluent supernatant concentration of 30.4 mg/L with a removal of 82%. The N ponds
(20 large fed pulses 4 AM-12 AM) had identical BOD5 removal results.
5.2.3

Treatment Performance - Nitrogen Transformation

Two major trends were identified during the feeding schedule experiment. First, the N
ponds (fed 20 times a day) consistently had about 8 mg/L more effluent TAN than the S
ponds (fed 8 times a day). This consistent difference can likely be attributed to the lower
treatment rate during early mornings and late nights. Additionally, TAN concentrations
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measured in the N ponds may be artificially inflated compared to the true average day
concentration because little treatment would have occurred to the four early morning
pulses prior to sample collection at 8AM.
Second, during this period, NO3 and NO2 concentrations in the N ponds (fed 20 times a
day) were low, with maximum concentrations of less than 1 mg/L. These low
concentrations of oxidized nitrogen indicate that, the low night-time DO that was
observed, as further discussed in Section 4.2.5, inhibited the growth of nitrifying
bacteria.
5.2.4

Settling Efficiency

In regard to settling efficiency, the transition between the HRT and feed regime
experiments was particularly tumultuous. Settling efficiency is correspondingly low for
this period with a minimum 2-hour and 24-hour removal of 2% and 41% for the N-ponds
and 55% and 66% for the S ponds, respectively. The S ponds also experience another dip
in settling efficiency on September 28, 2015, with a minimum 2-hour and 24-hour
settling efficiency of 22% and 24%. These poor settling results are supportive of a
significant unintentional transition from flocculating algae to colloidal algae in the
transition between experiments.
5.2.5

Insolation

Solar insolation did not correlate strongly with productivity for the 2-day 20-hr fed N
ponds with an R2 = 0.11. This result was expected because the N ponds were fed outside
of daylight hours, and heterotrophic growth on nighttime BOD would weaken the
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correlation with insolation. The correlation for the 2-day HRT S ponds was discussed in
Section 5.1.5.
5.3

Limitations to the Study

Limitations to the study conducted are summarized below:
•

For the first half of the experiment, organic nitrogen was calculated from
measurements of TKN, TAN, NO3 and NO2. Unfortunately, the NO3
concentrations, frequently >10 mg/L as N, might have led to negative interference
in the TKN results. The transition to TN by HACH test was difficult and resulted
in questionable organic nitrogen concentrations for the feed regime experiment,
leading to the decision to assume a fixed ON fraction in the measured VSS.

•

Analysis was conducted to discern the fraction of heterotrophic versus autotrophic
growth. Autotrophic growth is equal to total growth minus the growth from
heterotrophs. Total growth is calculated from the net VSS increase. Heterotrophic
growth is calculated by multiplying observed yield by organic substrate
consumption (the total BOD consumed). However, BOD was only measured for
settled effluent pond samples for comparison to WWTP effluent limitations.
Therefore, COD and SCOD were used as proxies for this data. Efforts were
conducted to refine this conversion to obtain reasonable autotrophic
productivities. These analyses, both autotrophic versus heterotrophic growth and
attempts to determine BOD from COD, were generally inconclusive, and no
discernable trends were observed.
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7
7.1

Appendices
Total Nitrogen Compared to Total Kjeldahl

Total Kjeldahl Nitrogen (TKN) determination per APHA Method 4500 of total and
dissolved nitrogen has gained widespread acceptance since its introduction by Johan
Kjeldahl in 1883. TKN boasts extreme versatility in handling a wide range of samples,
accuracy in comparison to many other methods and even unskilled lab technician can
produce reliable results. However, TKN suffers from several drawbacks including health
and safety risks posed by concentrated acids, concentrated bases, toxic reagents, and
environmental effects associated with reagent disposal. TKN is also known to have a
positive interference between nitrate and natural organic matter (NOM). During Kjeldahl
digestion, nitrate concentrations above 10-mg/L can oxidize some ammonia released
from the digested NOM which produces N2O and results in negative interference.
Alternatively, when sufficient NOM in a low state of oxidation is present, nitrate can be
reduced to ammonia, resulting in a positive interference. (APHA Method 4500- Norg B)
Delhi pilot plant samples often have high nitrate concentrations as seen in Table 7-1.
Table 7-1 Pilot pond nitrate concentrations from the duration of the project 10/27/2014
to 1/12/2016
Pond Set

S (mg/L)

M (mg/L)

N (mg/L)

Average

7.9

25.6

8.6

Max

25.2

44.9

56.9

For these reasons alternatives to TKN were sought out. The U.S.Geological Survey
(USGS) determined that, “Alkaline persulfate digestion was evaluated and validated as a
more sensitive, accurate, and less toxic alternative to Kjeldahl digestion for routine
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determination of nitrogen and phosphorus in surface and ground-water samples in a
large-scale and geographically diverse study conducted by U.S. Geological Survey
(USGS) between October 1, 2001, and September 30, 2002. Data for this study were
obtained from about 2,100 surface- and ground-water samples that were analyzed for
Kjeldahl nitrogen…” (Kryskalla, 2003). Thus, from 7/20/2017 onward Total Nitrogen
was determined via HACH Test ‘N Tube™ Method 10072 vials.

Presented in Figure 7-1 and Figure 7-2 are the resultant organic nitrogen concentrations.
It can be seen the organic nitrogen frequently falls outside of the expected 7 to 13 % of
biomass range (represented by blue bars), particularly with TN measured organic
nitrogen. Analysis concluded that this variation was too significant and would lead to
potentially erroneous conclusion. It was decided that organic nitrogen would be assumed
to be 8% of VSS in further in-depth analysis.
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Figure 7-1 S Pond Percent Organic Nitrogen

TKN Measured Organic Nitrogen

Figure 7-2 N Pond Percent Organic Nitrogen
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TN Measured Organic Nitrogen

